Introduction
In all organisms, the very high accuracy of DNA replication is achieved by using the Watson-Crick pairs between adenine and thymine residues and between guanine and cytosine residues as an absolute principle. However, oxyamines such as hydroxylamine and methoxylamine disturb this rule and act as potent mutagens, causing nucleotide transitions from one purine to another purine, or from one pyrimidine to another pyrimidine (Singer & Kusmierek, 1982) . These chemicals predominantly attack and modify the exocyclic amino groups of nucleic acid bases (Kochetkov & Budowsky, 1969) . Substitutions at the N 4 amino group of cytosine and at the N 6 amino group of adenine have been identi®ed and considered to be the origin of the mutation (Budowsky et al., 1975) . Matsuda and co-workers (Nishio et al., 1992) found that when adenine residues of a template DNA strand were methoxylated at N 6 , the 2 H -deoxycytidine 5 H -triphosphate (dCTP) as well as the complementary thymidine 5 H -triphosphate (TTP) were incorporated into the newly synthesized DNA strand at the opposite site to 2 H -deoxy-N 6 -methoxyadenosine (hereafter 2 H -deoxy-N 6 -methoxyadenosine is designated as mo 6 A). On the other hand, when 2 H -deoxyadenosine 5 H -triphosphate (dATP) is methoxylated (mo 6 dATP), mo 6 dATP is incorporated at the opposite sites to both 2 H -deoxycytidine and thymidine residues of a template strand (Singer & Spengler, 1982; Abdul-Maish & Bessman, 1986; Hill et al., 1998) . It is interesting to reveal how such a non-Watson-Crick nucleotide is incorporated, despite the fact that the DNA polymerase accepts only Watson-Crick base-pairs (Kiefer et al., 1998) .
Crystallographic studies have been reported on the structural properties of methoxylated adenine. Two crystal structures of N 6 -methoxyadenine derivatives, N 9 -benzyl-N 6 -methoxyadenine (Fujii et al., 1990) adenosine (Birnbaum et al., 1984) , indicate that the N 6 -methoxylated base prefers the imino form. This fact is consistent with the results from proton nuclear magnetic resonance (Stolarski et al., 1984 (Stolarski et al., , 1987 , and ultraviolet and infrared spectroscopy studies (Fujii et al., 1987) . In the crystals, the methoxy groups take a syn conformation around the N 6 -C 6 bond to the N 1 atom, so that the two purine moieties are associated through three hydrogen bonds including a C-HÁ Á ÁN interaction. From these results, Birnbaum et al. (1984) proposed that mo 6 A with a syn conformation pairs with a 2 Hdeoxycytidine through two hydrogen bonds, between N 1 (mo 6 A) and N 3 (C) and between the methoxy oxygen atom and N 4 (C). The geometry of the base-pair, however, will be largely distorted from that of the regular Watson-Crick pairing. Such a distortion might prevent incorporation of the modi®ed adenine base into the active site of DNA polymerase, because the incoming nucleotides are strictly selected for their ability to form a Watson-Crick base pairing (Kiefer et al., 1998) .
In order to investigate structurally the mismatch base-pairing, X-ray analysis of DNA oligomers containing mo 6 A should be an ideal approach. Unfortunately, this has not been possible so far: no X-ray structures of DNA oligomers containing N 6 -methoxyadenine or N 6 -hydroxyadenine have been reported. Only the crystal structure of a DNA hexamer containing 2 H -deoxy-N 4 -methoxycytidine with the sequence d(CGCGXG) (X is 2 H -deoxy-N 4 -methoxycytidine) was reported (Meervelt et al., 1990) . The N 4 -methoxy group takes the imino form, consistent with solution studies (Brown et al., 1968; Morozov et al., 1982) . However, the hexamer adopts a Z-form and the methoxy group is in a syn conformation around the N 4 -C 4 bond, forming a wobble base-pair with the guanine moiety on the opposite strand. Similar structures have also been found in other hexamers containing 2 H -deoxy-b-D-ribo furanosyl-(6H, 8H-3,4-dihydro-pyrimido[4,5-c] [1, 2] oxazin-7-one) as X (Moore et al., 1995) . These structural features are unacceptable to the DNA polymerase (Kiefer et al., 1998) . In addition, only the wobbled base-pairing has been found between cytosine bases and adenine bases in the protonated form (Schuerman et al., 1998; Hunter et al., 1986) .
To understand the structural basis of mutation mechanism, it is necessary to clarify whether the modi®ed adenine moiety can form a Watson-Crick pair with a cytosine base. Therefore, DNA dodecamer containing 2 H -deoxy-N 6 -methoxyadenosine, with the sequence d(CGCGmo 6 AATCCGCG) (hereafter Dmo 6 A ÁC), has been synthesized and its crystal structure determined. This dodecamer was designed so that mo 6 A interacts with C upon duplex formation, since it is known that the original sequence d(CGCGAATTCGCG) (referred to hereafter as the original dodecamer) prefers to take a B-form conformation (Dickerson & Drew, 1981; Shui et al., 1998) . The X-ray structure reported here shows that the methoxy group has no signi®cant effects on the overall DNA conformation. Electron density maps clearly show that the mo 6 A residue forms a Watson-Crick-like base-pair with the cytosine residue on the opposite strand. This is the ®rst example of such a pairing between N 6 -methoxyadenine and a cytosine base. We describe below the details of the novel hydrogen-bonding scheme thus revealed in B-form duplex DNA.
Results and Discussion
Overall structure
The crystal structure of Dmo 6 A ÁC is isomorphous to that of the original dodecamer (Dickerson & Drew, 1981; Shui et al., 1998) . The two Dmo 6 AÁC strands form a duplex, as expected ( Figure 1 ). The overall structures of the two dodecamers with and without methoxy groups are very similar to each other, their root-mean-square displacement being 0.31 A Ê on superimposition of non-hydrogen atoms. All torsion angles and local helical parameters calculated by the program NUPARM (Bansal et al., 1995) are given in the Supplementary Material (Tables 1 and 2 ). Figure 2 shows plots of some representative helical parameters along the nucleotide sequence. These parameters¯uctuate around average values close to those of typical B-form DNA; their variations along the two sequences are almost the same. Thus, the methoxylation of adenosine residues does not affect the DNA conformation signi®cantly.
Crystal packing
Two duplexes related by a crystallographic 2 1 symmetry along the c-axis in the crystal form columns in a head-to-tail fashion. The guanine residue at one end of one duplex forms a base-pair with the terminal guanine base at the other end of the symmetry-related duplex, through two 2 -HÁ Á ÁN 3 hydrogen bonds (see Figure 3) . As reported in a previous paper (Chatake et al., 1999b) , during data collection, a phase transition of the Dmo 6 A ÁC crystal with changing humidity at room temperature was found. Water molecules being incorporated into the crystal cause this change. As a result, the contact angle between two neighboring duplexes is changed from 132 to 144 . The present crystal structure has been determined at 110 K. The corresponding angle in the present crystal is 146
, and the unit cell is slightly shrunk, though the variation is within experimental error.
An octahedrally hydrated magnesium cation is located in the major groove of one duplex and contacts the ribose-phosphate backbone of another duplex, the position being almost the same as that found in the original dodecamer. The cation links the two duplexes laterally through hydrogen bonds, as shown in Figure 4 . Three of the Mg 2 -coordinating water molecules form hydrogen bonds with guanine bases, and the other three are hydrogen bonded to the oxygen atoms of the phosphate groups of another duplex, related by a 2 1 symmetry along the b-axis (Figure 4 ). Other water molecules (with the exception of those around the methoxy groups) are also located at similar positions to those of the original dodecamer, and form spines in the grooves of the duplex. Some of the water positions in the minor groove might be partially occupied by sodium cations, as proposed by Shui et al. (1998) . The secondary spine in the minor groove rides``piggyback'' on the primary spine.
Tautomerism of mo 6
A and hydrogenbonding scheme Final 2jF o j À jF c j maps of the individual basepairs are shown in Figure 5 . At the ®fth and eighth base-pairs, the densities are well resolved and clearly reveal the positions of the two mo 6 A residues. The most interesting feature is that both methoxylated adenines pair with cytosine bases in a geometry very similar to the Watson-Crick adenine Áthymine pair. The average temperature factors of these two base-pairs (12.6 A Ê 2 and 13.4 A Ê 2 ) are comparable to those of the other basepairs, indicating that the two base-pairs, mo 6 A a5 ÁC b8 and mo 6 A b5 ÁC a8 (see the nucleotide numbering in Figure 5 ) each occupy a single con®guration. Their closest atomic distances and the atomic valence angles are given in Table 1 ; those of the other hydrogen bonds are given in the Supplementary Material (Table 3) . They are in an acceptable range for the N-H Á Á ÁN hydrogen bond. To form base-pairs through these hydrogen Figure 2 . A comparison of the helical parameters of Dmo 6 AÁC (circles) with those of the original dodecamer (boxes) (Shui et al., 1998) . The top, middle and bottom diagrams, represent the helical rises, the helical twist angles and the displacements of the two duplexes, respectively, plotted along the nucleotide sequence to show their¯uctuations. These parameters were calculated by the program NUPARM (Bansal et al., 1995) . In the right, shaded column, their average values are indicated, together with the typical values for standard A and B-DNA. Watson-Crick type N 6 -MethoxyadenineÁ Cytosine Pair bonds, the chemical structure of the methoxylated adenine base must be the imino form, as shown in Figure 6 , since it is known that the cytosine base exists only in the amino form (Pieber et al., 1973) . This is consistent with the structures found in N 6 -methoxyadenine derivatives (Birnbaum et al., 1984; Fujii et al., 1990) , which take the imino form. Although many types of base-pairs have been reported, only the wobble base-pairing has been found between cytosine and adenine bases in the protonated form (Schuerman et al., 1998; Hunter et al., 1986) . Therefore, the present structure is the ®rst example of a Watson-Crick pair between N 6 -methoxyadenine and cytosine. It clearly reveals the structural basis of the mutation mechanism associated with the damaged DNA.
The second striking feature is that both methoxy groups adopt an anti conformation to the N 1 atom around the C 6 -N 6 bond. This conformation is quite different from those found previously in N 6 -methoxyadenine derivatives (Birnbaum et al., 1984; Fujii et al., 1990) . In the latter crystals, the derivatives are in a syn conformation, forming a hydrogenbonded ribbon involving C-H Á Á ÁO and C-H Á Á ÁN interactions. Although the tautomers are in the same imino form as here, the conformations of the methoxy groups are different. To change the conformation from syn to anti or vice versa, the adenine moiety must pass through the amino form by tautomerization. Since it is thought that N 6 -methoxyadenine derivatives are in equilibrium between the amino and the imino forms in solution (Stolarski et al., 1984) , the imino form with the anti conformation may be induced to stabilize the base-pairing with cytosine.
Biological significance
During replication of DNA, the polymerase accepts only Watson-Crick type base pairs (Kiefer et al., 1998) . To form such a pair with a cytosine residue, the adenine moiety must be in the imino form. The unmodi®ed adenine residue never adopts such a tautomer (Wolfenden, 1969) . On the other hand, in the structures of N 6 -methoxyadenine derivatives (Fujii et al., 1990; Birnbaum et al., 1984) , including the present dodecamer, the adenine moieties are all in the imino form. The donor/acceptor sites for hydrogen bonds are changed, so that the methoxylated adenine can mimic guanine in hydrogen bond formation. This mimicry makes it possible to form a Watson-Crick type base-pair with a cytosine residue. In the imino form of mo 6 A, there are two possible conformations for the methoxy group around the C 6 -N 6 bond. Although Birnbaum et al. (1984) proposed a pairing between mo 6 A in a syn conformation and a cytosine residue, the corresponding geometry is largely distorted from that of regular Watson-Crick pairs. Such a distortion might prevent incorporation of the modi®ed adenine residue into the active site of DNA polymerase (Kiefer et al., 1998) . In contrast, mo 6 A in the present structure is in an anti conformation. When the mo 6 A ÁC pairs found in the present investigation are superimposed on the canonical A Á T pairs of the original dodecamer, the base positions are almost the same. This structural isomorphism will almost certainly favor recognition by the polymerase. In addition, the polymerase has an open, solvent accessible space in the major groove of the bound DNA, so that the methoxy groups on the damaged DNA will not interfere with its binding to the polymerase. Through these structural characteristics, an mo 6 A residue on the template strand makes it possible for dCTP to be incorporated at the opposite site in the newly synthesized DNA strand (Nishio et al., 1992) . In the same way, mo 6 dATP can be incorporated at the site opposite to a cytosine residue on the template strand (Singer & Spengler, 1982; Abdul-Maish & Bessman, 1986; Hill et al., 1998) .
The equilibrium between the amino and the imino forms of N 6 -methoxyadenine changes with the polarity of the solution (Stolarski et al., 1984) . In addition, when a cytosine derivative is added to a solution containing an mo 6 A derivative, the imino form is increased, whereas when a uracil derivative is added, the amino form is increased (Stolarski et al., 1987) . Therefore, it is expected that an mo 6 A residue in the amino form will make a Watson-Crick base-pair with a thymine residue. The crystal structure of a DNA dodecamer containing such base-pairs will be discussed in the following paper (Chatake et al., 1999a) . 
Experimental Procedures Synthesis and crystallization
A DNA dodecamer of Dmo 6 AÁC was synthesized and puri®ed by the reported method (Nishio et al., 1992) . Crystallization was carried out at 4 C by the hanging drop vapor diffusion method in a 4 ml droplet containing equal volumes of 1.5 mM DNA solution in water and reservoir solution. Suitable crystals of Dmo 6 AÁ C were obtained from 35 % (v/v) 2-methyl-2,4-pentanediol, 18 mM magnesium acetate, 6 mM spermine tetrahydrochloride and 10 mM sodium cacodylate (pH 7.0). 
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Data collection
The crystals were¯ash-frozen in a stream of nitrogen at 110 K. X-ray data were collected at 110 K on the Sakabe-Weissenberg camera (Sakabe, 1991) with synchrotron radiation at the Photon Factory (BL-6B) in Tsukuba. To compensate the blind region, another crystal with a different orientation was used and the X-ray diffraction was collected at 110 K on a Rigaku R-AXIS IIc with CuKa radiation generated at 50 kV and 80 mA. Diffraction patterns recorded on imaging plates were processed by the program DENZO (Otwinowski & Minor, 1997) and intensity data were merged by the programs SCALA and AGROVATA in CCP4 (Collaborative Computational Project Number 4, 1994) . A total of 8017 independent re¯ections with an R merge of 6.0 % were obtained from 32,780 observed re¯ections. The completeness of the data was 87.1 % in the 100-1.6 A Ê resolution range and 72.1 % for the outer 1.69-1.6 A Ê resolution shell. The cell dimensions are a 25.1 A Ê , b 39.9 A Ê , c 65.8 A Ê , the space group being P2 1 2 1 2 1 . Statistics of data collection and crystal data are summarized in Table 2 .
Structure determination
Initial phases were determined by the molecular replacement method using the structure of the original dodecamer (Dickerson & Drew, 1981; Shui et al., 1998) with the program AMoRe (Navaza, 1994) . The molecular structure was constructed and modi®ed on a graphic workstation by inspecting jF o j À jF c j omit maps at every nucleotide residue with the programs O (Jones et al., 1991) and QUANTA (distributed by Molecular Simulations, Inc.). The jF o j À jF c j omit maps clearly showed that the mo 6 A residues form base-pairs with cytosine residues, the methoxy groups taking an anti conformation to the N 1 atom around the N 6 -C 6 bond. From the hydrogen-bonding scheme, the mo 6 A residues were assumed to take the imino form. The stereochemical parameters employed for structural re®nement with the program X-PLOR (Bru È nger, 1992b) were those in the dictionary ®le dna-rna.param. For the present re®nements, this ®le was modi®ed to include the 2 H -deoxy-N 6 -methoxyadenosine residue with the imino form. Its structural parameters were derived from the crystal structures of mo 6 A derivatives (Fujii et al., 1990; Birnbaum et al., 1984) . The crystal structure was re®ned through a combination of simulated annealing and positional re®ne-ments, followed by interpretation of omit maps at every nucleotide residue. During the above re®nement, no hydrogen bonding restraints were applied between paired nucleotides. A total of 173 peaks were assigned as water molecules. One magnesium cation coordinated octahedrally by six water molecules was found. The ®nal R-factor was 19.6 % for 5.0 $ 1.6 A Ê resolution data (R free 23.1 % for 10 % of the observed data). Statistics of the structure determination are summarized in Table 2 .
Data Bank accession codes
The atomic coordinates have been deposited in the Nucleic Acid Database (NDB) (entry code BD0009). a R merge 100 Â AE hklj jI hklj À hI hkl ij/AE hkl hI hkl i. b R-factor 100 Â AE jjF o j À jF c jj/AEjF o j, where jF o j and jF c j are the observed and calculated structure factor amplitudes, respectively.
c Calculated using a random set containing 10 % of observations that were omitted during re®nement (Bru È nger, 1992a) .
d Estimated from a Luzzati plot (Luzzati, 1952) .
